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CHAPTER - 1 


1. INTRODUCTION 

Following the recent discoveries of high Tc oxide super- 
conductors, an unprecedented research and development effort has 
been launched worldwide to develop new materials with higher Tc 
and better superconducting properties, as well as to explore the 
possibility of their application in new technologies. The enthu- 
siasm in general has been so great that even a common-man has 

1-4 

been following the striking achievements in last four years 

6 “ 1 5 

However, it is only an understanding of the basic principles 
that can help us appreciate the real extent of extraordinary 
achievements of the last few years.. 

1.1 Brief History of Superconductivity 

Superconductivity is a phenomenon wherein the d.c. 
electrical resistivity of a material becomes zero or drops by 
many orders of magnitude to be vanishingly small, contrary to 
usual behavior, as the material is cooled down. The phenomenon 
was first observed by Onnes who found that mercury becomes 
superconducting at 4 . 2K . Subsequently many metallic elements and 
alloys were found to superconduct at ambient pressures and 
several more do when placed under high pressures^^. Some 
representative superconducting elements and alloys are listed in 
Table 1.1 and 1.2 respectively. 

The discovery of superconducting transition temperature 
<Tc) above lOK in NbC and NbN was a break through. The invention 



of A15 compounds, with Tc finally breaking 

through the 

20K 

barrier in 

late 1960, s and early 

1970’s. 

represents 

the 

cu Imi nat i on 

of two decades of intense 

research 

for higher 

Tc. 

The later. 

efforts for increasing Tc 

mainly 

concentrated 

on 


intermetal 1 i c compounds (Table 1.2>. With a Tc of 23.3 in Nb3Ge, 

however, an upper limit of Tc seemed to have been approached and 

reports of materials with higher Tc appeared only occasionally. 

A major break-through in the field of superconductivity 

was reported by Bednorz and Muller ^ who found the evidence of a 

superconducting transition near 30K in LaBaCuO ternary oxide. It 

was established later that Tc in the range 20-40K occurs for 

La2-xMxCu04_y (LMCG) with M=Ba,Sr.Ca and that application of 

pressure, drives Tc above 30K in Sr. System. 

Since pressure was found very effective in increasing the 

2 

Tc for La2-xSrxCu04_y (LSCO) system, Wu et al simulated 

chemical pressure by replacing atoms in the LMCQ system by 
smaller isovalent ones. The replacement of La by Y in LBCO 
produced in early 1987, a 90K superconductor, later identified as ; 
YBa2Cu307_j5' (YBCO) . Although there were numerous reports of I 
resistive and magnetic anomalies at much higher temperatures, the | 
next significant discovery, was made in early 1988 by Maeda et 

T IQ . . , I 

al ^ and Chu et al who found a higher Tc in Bi 2Sr2CaCu209- g i 

[ 

(denoted as Bi 2212 or BSCCO) . This was followed rapidly by a| 

! 

4 

catastrophic enhancement in Tc. Sheng and Herman reported on a; 
high Tc phase in T1 -Sr-ca-Cu-Q system. The superconductor! 
T1 2Ba2Ca2Cu30i 0 IITl-22231 has been found^^’^^ to show the highesti 
Tc (125K) of any known bulk superconductor. 





The chronology of events and hallmark developments that 
led to advancements in high Tc superconductivity research are 
diagramatical ly represented in Fig. 1.1, Tables 1.4 and 1.5 list 
the various oxide superconductors and their salient features 
respectively. 

1.2 The Signature of the Superconducting State 

The superconducting state may be identified by abrupt 
changes in physical properties of the material, some of the 
important ones are described below. 

1.21 Loss of Resistivity 

An abrupt drop in resistivity of a material at a 
characteristic temperature ’Tc' and an apparent absence of 
resistance to the flow of electricity below Tc <Fig. l,2<a))gives 
the indication of superconducting state. The complete 
disappearance of resistiv-ity may be demonstrated by the current 
which continues to flow without change within the limits of 
detection, in a superconducting ring placed in a magnetic field 
changing with time. This current is usually referred to as 
persistent current. 

Experimentally observed rounding off of the resistivity 

vs. temperature plot just above Tc has been interpreted 

frequently as a possible signature of the onset of a higher 

21 22 

temperature superconducting phase, but recent studies ' have 
shown that this effect is a manifestation of thermodynamic 

superconducting fluctuations above Tc. The study of this 

fluctuation phenomena near Tc is made by observing the excess 



conductivity due to superconducting transition at temperatures 
above Tc. This excess conductivity is usually called 
paraconduct i V i ty <P. SIGMA). 

The paraconduct i V i ty is the sum of two parts; one is 

attributable to the direct acceleration of the superconducting 

23 

pairs created by fluctuations and the other is an indirect 

effect of fluctuations viz., the superconducting fluctuations 

decay into pairs of quas i -part i cl es which continue to be 

accelerated, irrespective of the impurity potential, much as they 

24 

were. while they were a superconducting fluctuation and this 

gives an additional contribution to the conductivity. After the 
completion of life time, these quas i -part i c 1 es decay back into a 
superconducting fluctuation. 

The first contribution is usually referred to as the 

direct As 1 amazov-Lark i n <AL) contribution and the second as the 

indirect Maki Thomson (MT) contribution. The AL contribution to 

paraconduct 1 V 1 ty is usually expressed (depending upon the 

23 

dimensionality of the material) as 

= Ce^/32.ti.-^<0)]6"^^^ .. (1) 

= Ce^/16.'fi.d]6^ ..(2) 

= Ce^-'rT.-^(0)/16.'t^.S]€"^^^ - .. <3) 

Reduced temperature < T-Tc)/Tc 
GL Coherence length at T = 0 


AL 

^■30 


AL 

°^2D 


AL 

“"ID 


where 6 a 


^(0) a 



d H Characteristic length of 2D system 
S a Cross-sectional area 

The MT contribution to paraconduct i v i ty^^ , taking into 
account the shift in Tc due to pair breaking, may be expressed as 

MT" 2 

cr 2 D = Ce/8.'ti.d.<e-s)],ln(e/s> <4) 

= crig‘-.4. <€/s) + .. (5) 

where s a CTc<zero)-Tc]/Tc is the reduced shift of Tc due to 

pair breaking. 

Experimentally the excess conductivity may be 
2 5 

determined by first fitting the normal state resistivity pisj at 

high temperatures <e.g. 1.5 Tc & T ^ 'JOOK) to linear form = 

mT + C, and then extrapolating the straight line down to 
temperatures near Tc, The paraconduct i v i ty is usually taken to 
be Pcr(T> = l/Dp<T> where Dp<T) is the deficit resistivity at a 

temperature T defined as Dp<T) = p<T) - pi>g(T) where p<T) is the 

measured resistivity and pi«^(T) the resistivity determined by 
extrapolating the linear p vs. T plot above Tc. 

1.22 Abrupt Change in Specific Heat 

The abrupt increase in the specific heat at Tc is a key 
signature of superconducting transition. [Fig. 1.2<b]. The 
temperature dependence of specific heat in the superconducting 
state is very much different from that in the normal state and it 



D 


can give informations about electronic and vibrational 
excitations present in the superconductors both above and below 
Tc. The electronic specific heat above Tc is given by 

Cen “ T • T . , < 1 ) 

and that below Tc is described well by ; 

Ces = x.Tc.a exp <-b.Tc/T) (2) 

Where a" and b are experimental constants having valves 
of about 10 and 1.5, respectively. This exponential dependence 
on temperature suggests an average excitation energy of 1,5 kTc 
in superconducting state, thus clearly indicating the presence of 
gap in superconductors. 

In case of YBCO superconductors usually two jumps, one at 

Tci <=» 95°K> and the other at 1 ^ 2 . 09°K> , are observed in 

2 6 

specific heat vs. tern perature plot . One approach to analyse 
this type of data is to use a 5D Gaussian fluctuation around Tc2 
in the realm of G.L. Theory, ignoring the first jump at Td on 
the suspicion that either <a) a structural transition occurs or 

<b) there exists a more baroque possibility that two transition 

27 

states order at two different Tc's. With this concept, the 
fluctuation specific heat is given by the following expression. 

k 1 1 

= 

4ttc C e Ce + <2i'z<0)/c>^>]^''^ 


, . <3) 



For e<< C 2^(0)/c]^ also^Gl_(0> = C^x < 0 > •'^y < 0 ).^ ( 0 > ] ^ 

Another approach is one in which both specific heat jumps 

2 6 

are treated as intrinsic superconducting transitions which 

order separately at two Tc's without coexistence. This type of 

data may be analysed by using the standard Gaussian 

. 26 

approximation 

1.2? The Abrupt Change in Thermoelectric Power 


If a 

superconductor in 

normal state is 

sub ) ected 

to 

temperature 

gradient T, an 

electrical field 

E will 

be 

deve 1 oped , 

the coefficient 

sT/E that characterizes 

the 


electromotive force resulting from the redistribution of carriers 
in the temperature gradient is defined as the thermoelectric 
power (TEP) or merely thermopower (TP). As shown in Fig. 1.2(c), 
the thermopower of a superconductor disappears at Tc. The 

temperature dependence of TEP for a typical superconductor may be 

^ 27 

expressed as 

Sjj = ^b"^ ^ ^ SL , X. g,( T ) ] . . ( 1 ) 

where Xt, s S^/T is the bare thermopower parameter 

a H a Constant (equal to 1 in absence of velocity and 

relaxation time renormalization and Nelson Taylor 
effect 

X a The effective electron phonon enhancement at low 


temperatures 



^s<T) s Decay of thermopower enhancement with temperature 


The magnitude of bare thermopower parameter <TPP), is 

2 8 

given by Mott, formula 


Xb = <-n^k^/3e> . Cdlno-<E)/dE] 


( 2 ) 


where 


s - is 


cr a Contribution towards electrical 
carriers of energy E 

The normalized temperature dependent 

II .4 27 

usually expressed as 


conductivity due to 


enhancement of TEP, 


JdE E"^a^F<E)Gs<E/kT) 
J'dE E"^ a^F<E) 

o 


<3) 


2 

where a F<E> is Eliashberg function i 

and Gg (E/kT> is Kaiser Universal Function. i 

It has been observed that superconducting bulk samples - 
show a large dominant peak at the temperature at which the 
resistance drops most rapidly, followed by one or more subsidiary j 
peaks in the region of foot„,Qf the resistive transition. It has I 
been argued that the subsidiary peaks along with the foot I 

indicate a series connection of regions with slightly different, | 

!, 

but well defined Tc’s. The magnetic field dependence of position 

[ 

and height of the main peak suggests an interpretation in terms 
of fluctuation ef f ects^^ , similar to specific heat and ! 



... .30 

resistivity 

Although predicted to occur, such TEP fluctuations effect 
have, however, never been seen in the low temperature 
superconductors. This is because they typically have a zero 
temperature coherence length ‘^<0) ^ 1000A°, so that the 

temperature range over which one might expect to see such effects 
would be extremely small. In YBCQ-super conductors, however, 
<0) is thought to be ^^1 nm and the range over which one might 
observe 3D fluctuations could be several degree Kelvins. 

1-24 Perfect Diamagnetism in Superconductors-Abrupt Change in 
Magnetic Susceptibility : 

Apart from the other peculiar properties of a 
superconductor, an important attribute of superconducting state 
is its ability to behave as a perfect diamagnet, able to expel 
other magnetic field, this effect is generally known as Meissner 
effect^. This effect exists upto a certain critical value of 

magnetic field usually referred to as critical field beyond 

which the superconductor looses its perfect diamagnetism. The 
superconductors that remain diamagnetic only upto a rather low 
magnetic field are called type I superconductors, these could 
not sustain large enough currents. On the other hand, the ones 
which can sustain superconductivity upto a much higher field H (-2 
are called type II superconductors. Between and Hc2 • 

superconductor is said to be in mixed state. The physical 
picture of this state is that of a bundle of filaments of normal 
state material generally called vortex lines in flux tubes 
arranged parallel to applied flux lines, and bathed in a sea of 



superconducting material. The flux through a vortex line is 
quantized and has a value equal to integral multiples of 
<=h/2e>, the basic quanta of flux. 

In addition to the two parameters Tc and which are 

intrinsic characteristics of a superconductor; the 
superconducting state is also destroyed if the material carries a 
current density higher than a critical value Jc , called the 
critical current density. Thus the three parameters. viz., 
temperature, magnetic field and current density, determine 
together whether a material would remain superconducting or not. 

The superconducting state thrives below and vanishes above a 3D 
critical surface unique to each superconductor. The projection 
of this surface on H-T plane gives the temperature dependence of 
critical field. Fig. 1.2<g) shows such a projection for a 

typical superconductor, this is very often called a phase diagram 
as it separates the two, non-superconduct i ng and superconducting 
' phases. From here one can readily see that 

! 

Hc<T) = Hc<0) Cl-<T/Tc)^3 .. <1) j 

I 

I 

f 

1 

t 

where H^CO) is the critical field required to destroy the 

^ I 

superconductivity at absolute zero. j 

I 

Fig. 1,2 <d> shows a typical susceptibility vs. temperature I 

plot for a superconductor. It is easy to see that the i 

I 

susceptibility has a approximately linear dependence on ■ 
temperature in high temperature regime. Moreover, one can ; 

readily perceive a diamagnetic deviation from linearity at low ; 

[ 

temperatures- This diamagnetism is reasonably attributed to 



superconducting fluctuation effect because they grow 
progressively as the temperature approaches Tc. Prange^^ showed 
that magnetization M' due to these fluctuation effects may be 
written as : 

M’ / = f <x) . . <2) 

where f is a universal function of x C = ( dH/dT) . CT-Tc< zero > }/H] 

This fluctuation magnetization is small, we may safely 

neglect the difference between B and H in calculating zero field 

32 

susceptibility. Schmid found the following expression for zero 
field susceptibility : 

%/=TT.kT.-?;<T)/6. 0o =« lo'^ .. <3) 

-7 2 

where 0 q s hc/e flux quanta ( = 2.07 x 10 G Cm ) 

€ s Reduced temperature (T - T^y/T^ 

This susceptibility is same of magnitude as Landau 
diamagnetism of normal metals apart from the temperature 
dependent enhancement factor ^ and is many orders of 

magnitude smaller thaji the full diamagnetic susceptibility in 
Meissner state = ■ 1/4 7T] 

1.25 Characteristic Change in Microwave Absorption 

The electromagnetic response of superconductors at high 
frequencies provides unique informations regarding the nature and 



potential for device application at these frequencies. it is 
well known that superconductors absorb microwaves when hV^ 
2 A . 2A being the superconducting energy gap and v the frequency 
of microwave. However, the absorption can not occur when 
h “IP <<2A • The microwave absorption has been shown to be 
sensitive to magnetic field and hence to flux penetration in high 
Tj. oxide superconductors^^. Fig. 1.2(e> shows a typical 
microwave absorption vs. magnetic field plot for a superconductor 
at a temperature slightly below Tc. At low field side a 
pronounced bend is observed which marks the position of and 

corresponds to the flux penetration to individual crystal 1 1 1 i es . 
After this bend the absorption 1(H) is found to be nearly 
proportional to H. I<H) may be expressed as 

I <H) = ACT) .H + C(T) 

The first term ACT) .H represents the contribution similar 

to type II superconductors which is believed to arise from 

superconducting grains, while CCT) is due to the decoupling of 

weak Josephson links due to magnetic field, micorwave current 

34 

and/or thermal fluctuations 

The zero-field microwave absorption in High Tc 
superconductors has also been the subject of considerable study 
Fig. l.ZCf) shows a typical zero field microwave absorption as a 
function of temperature. This absorption in superconducting 
pellet samples arises from the intergranular boundary regions, 
other inhomogeneities and defects^^. 



1.3 Current Theoretical Status in High Tc Superconductivity 


Since the discovery of superconductivity, a number of 
theoretical models have been proposed to explain the phenomenon. 
For classical low temperature superconductors theories. like 

London theory^, non local generalization of London theory i.e. 

8 7 

Pippard model , G i nzburg-Landau theory and Abrikosov's reversal 

9 

and well known BCS theory were proposed. These theories 
especially the BCS theory, were found quite satisfactory for 
classical superconductors, but have failed completely to explain 
the observed properties in newly discovered high Tc oxide 
superconductors. 

The oxide superconductors have been subjected to a plenty 
of theoretical work. Various theories have been proposed. 
Almost all viable theories propose a form of carrier pairing as 
being responsible for superconductivity. There are ample 
experimental evidences for the pairing of carriers in 
superconductors e.g. : 

<1) the Shapiro steps in Josephson tunnel junctions biased with 
ac and dc voltages have a spacing AV = 2 e/hll , clearly 
indicating an effective charge 2e. 

(2) the flux quantum in a high Tc superconducting ring has been 
found out to be 0 q = h/2e. 

<3) experimental verification of mixed state in type II 
superconductors and flux quantization through the vortex 
1 i nes . 

(4) the exponential dependence of specific heat on temperature, 
which predicts an average excitation energy of l.JKTj.. 
i.e., there exists a gap in the high temperature 



superconductors which has been found twice that of thermal 
gap. This may be understood only if carriers occur as 
pairs. 

In a conventional BCS type superconductor ~10^ electrons 
are there within the average distance between mates of a single 
pair^^. So that the pairs do not truly obey the Bose-E i nste i n 
statistics. but the Pauli principle plays an important role. 
Thus it puts a restriction on Bose condensation of pairs. This 
suggests a classification of theories into two groups. 


1.51 BCS Type Theories 


The BCS 

theory predicts the Tc 

very low 

(max 1 mum 

- 40K) . 

Bo important 

issue is to understand 

as to why 

the 

T c 

of 

CuO 

superconductors 

is so high. In weak 

coupl i ng 

limit 

Tc 

can 

be 


expressed as : 

kTc = l.l^hWc exp C-1/N(0>V3 .. <1) 

where TiuJc is the cut of energy comparable to the maximum energy | 
of excitations which mediate the pairing within the BCS frame- | 
work. There are three ways to increase Tc, viz., by increasing! 

I' 

<i) N(0), the density of states at fermi surface. <ii> The; 

effective electron-electron attraction V and <iii) 0};^ : the cut ofj 

i 

frequency. j 

37 J 

According to earlier theories proposed by Ginsburg and 

Allender^^, an attractive interaction between carriers can 
mediated by the exchange of virtual electron hole pairs, the sc 
called excitonic mechanism for superconductivity. In order foi 



this mechanism, to work, two distinct types of carriers are 

required; conducting carriers in a metallic region (chain or 

plane); which pair to form the superconducting condensate, and 

polarizable electrons in adjacent region (side chain or plane) 

which interact with the metallic carriers to mediate the pairing 

process. It is possible that the polarizable, non conducting 

electrons in the BaO planes or the carriers in CuO chains may 

mediate a pairing between the conducting carriers in CuO planes 

in the YBCO compound. On the other hand, according to theory of 

'Charge transfer excitation exchange' proposed by Varma and 
13 38 

coworkers ’ , the virtual electronic polarization occurs 

through the transfer between copper and oxygen sites within a CuO 
plane. In this picture the same carriers which mediate the 
pairing process also participate in forming the superconducting 
condensate . 
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The exciton mechanism is predicted to yield a 

significantly higher Tc than the phonon mechanism because the cut 

off energy is expected to be comparable to the electronic 

excitation energies, which are generally much higher than typical 

Debye energies. In this excitonic system the interaction is 

mediated by the movement of electrons rather than by the much 

heavier ions of a phonon superconductor. The transition 

temperature for an excitonic superconductor would thus be scaled 

up from that of conventional superconductors by a factor of the 

order of (Mion/Me) , if all other parameters were kept 

constant. Similar arguments hold for theories proposing the 

13 39 

exchange of plasmons ’ or virtual magnetic excitations, such 

40 

as ant i f erromagnet 1 c spin fluctuations . Again, the higher 



energies of the relevant virtual excitations increase the energy 
range over which the electron electron interaction is attractive, 
leading to a higher fraction of paired carriers and thus a higher 
Tc. 

One can easily confer from the above discussion that this 
class of theories assume that the pairs are formed at Tc only and 
that it is the pairing between carriers via certain virtual 
excitations only which is responsible for superconductivity. 

1.52 Bose Condensation Type Theories 

These theories assume that pairs already exist above Tc. 
The unpaired carriers follow Fermi-Dirac Statistics, but as soon 
as pairing takes place the statistics of the particles change to 
Base-E i nste i n wherein the distribution function is given by 

/be = C exp <a+i3E)-n"^ ..<1) 

where o = 1/kT and a is given by the equation 

— iv 3 * —3/2 

e = nh <2n,m kT) ; with n as concentration of the 

integral spin particles of effective mass m 

Here more than one particles can occupy the same state 
contrary to Fermi-Dirac (FD) statistics. The maximum number of 
particles n'- occupying states above ground state in BE 
statistics is given by 

n' = n (T/Tq)^'^^; when T<To ..(2) 



is the 


where n is the concentration of particles and Tq 
temperature when a of Equation <1> is zero. Hence, the number of 
remaining particles nQ is given by 

no = n-n’ = n C 1- ..(>> 

As the temperature is lowered, beginning at T = Tq the 

particles fall rapidly into ground state. This is some sort of 

condensation generally called Bose condensation. 

One of the leading theories for high temperature 

superconductors of this class is the Resonating valence bond 
41 42 

(RVB) Model ' proposed by Anderson and coworkers. According 
to this model, the pairing mechanism is magnetic in origin and 
not of conventional BCS type. The basic idea of RVB theory is 
that strong electron-electron correlations result in a separation 
of charge degree of freedom from the spin degree of freedom. The 
starting point of RVB theory is a 2D Hubbard model at half 
filling with strong on site. Coulomb repulsion U and an | 

I 

attractive intersite hopping energy T. without oxygen doping i 

[ 

<i.e, s = 0) , the ground state of the above model is expected to 1 

f 

be a long range ant i f erromagnet i c (AF) state, but Anderson argued | 
that the frustration might favour a RVB state over an AF ground | 

state. I 

( 

At low doping <s ^0) and temperature, the quas i -part i c 1 e ! 
excitations are believed to be holons <i.e. charge carrying! 
spinless particles) and spinons <i.e. spin <-l/2) chargeless; 
particles). Superconductivity is due to formation of ai 

i 

condensate consisting of holon-pairs. Since BE condensation is 



not possible in a strictly 2D system, the inter-planer couplings 

are important in giving rise to superconductivity. 

Another theory that has been proposed is the Bipolaron 
43 

mechanism . Here the high Tc superconductors are considered to 

44 

be as doped semiconductors where the conductivity is due to 

doping or self-doping. This produces mixed valence-conditions 

for the metal ions, leading to the formation of smal 1 -polarons , 

i.e the combination of the metal atom with its extra charge plus 

its deformed oxygen coordination. The mobility of these small 

polarons is ensured through the mixed valence charge transfer 

mechanism. They may be viewed as dilute gas of charged 

particles in a lattice moving in the random fluctuating potential 

due to impurities. It is further argued that under special 

conditions these small polarons, may combine to form small 

bipolarons and the possible binding mechanism may be the carrier 

45 

lattice exchange . The bipolarons act like a weakly interacting 
Bose gas capable of condensing into its ground state at 
relatively elevated temperatures and hence becoming 

superconducting. 

There are numerous other theories on high Tc 
superconductivity whose description is beyond the scope of the 
present Chapter. However, a summary of various proposed pairing 
mechanisms is presented in Table 1.4 indicating their 
classification according to mode of pairing. 

1.4 Crystal Structure of YBCO High Temperature Superconductors 

The superconducting properties have direct relation with 
the structural aspects of the material. To examine this, let us 



consider the crystal structure and its consequences for the YBCO 
superconductor, a well known high temperature superconductor 
which has been subjected to a large number of experimental and 
theoretical investigations and represents a typical example of 
high Tc superconductors. 

The high temperature superconducting phase in YBCO system 
has an orthorhombic Pmmm structure with a single formula unit 
YBa 2 Cu 307 per primitive cell. It can be viewed as a defect 
perovskite lattice < Y-Ba) 3 Cu 309 _)< , based on three Cu centered 
perovskite cubes (hence the name triple perovskite structure) 
with both 0 vacancy and Y-Ba ordering along the c-axis. Of the 
two 0 vacancies (corresponding to x = 2 ), one occurs in every 
third Cu-0 plane along the a-axis (say) at the site (1/2, 0,0), 
resulting in the orthorhombic symmetry, see Fig. 1.5(a). 

The structure of orthorhombic YBCO is interesting, as it 
has corner linked CUO 4 planer group connected not only to sheets 
in the ab plane but also as chains parallel to b axis. Of the 
two sets of Cu atoms, one is surrounded by 5-oxygens giving rise 
to a square pyramidal coordination for Cu and thus forming 
puckered Cu 02 sheets. In the other set, however, the Cu atoms 
are surrounded by 4 -oxygens, here the oxygen atoms form near 
rectangles connected by vertices and resulting in chains O-Cu-0 
along the b axis. YBCO structure may be viewed as a stacking of 
two sheets of Cu 02 type bound together by an array of parallel 0 - 
Cu-0 linear sticks. This obviously brings the coordination of Cu 
in Cu 02 sheets to five and forms a sandwich containing 2 -Cu 02 
sheets and the array of parallel O-Cu-0 sticks. The Ba cations 
fit into cavities within this sandwich The Y cations are found 



between sandwiches and they bind the sandwiches together to form 
a 3D structure from the 2D sandwiches. 

1.41 Role of Oxygen i 

It has been pointed out that oxygen content Seriously 

affects the superconducting properties of YBCO-compounds^^ . The 

superconducting YBa2Cu;507_^ becomes non-superconduct i ng at s = 1 

and the O-Cu-0 chains are missing as shown in Fig. 1.3<b). This 

system may be described by the composition YBa2Cu^06 having 

tetragonal symmetry. The missing of chain i.e. removal of an 0 

ion from chain modify the oxygen occupancy, now oxygen occupy 

only 2/3 of the perovskite anion sites and are ordered in such a 

manner that the one third of the Cu atoms is two fold coordinated 
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while two third is five fold coordinated . In the range 0.6 i s 
i 1.0) the YBCO exists in the tetragonal form and has very few 
oxygens in the O-Cu-0 chains, this gives rise to considerable 
oxygen disorder and hence to distorted CuO^, octahedra as shown in 
Fig. 1.3<c) . Oxygen non-s to i ch i ometry in YBCO system has, 

therefore, to be understood in terms of both disorder and 
structural distortion. 

The variation of superconducting transition temperature Tc 

of orthorhombic YBa2Cu307_5, with s in the range 0-0.5, is most 

interesting. The Tc is nearly constant around 90K at low s <0,0- 

0.2) and then drops to lower value <"'50K) above s = .2 showing a 

plateau like behaviour. It is believed that this 50K plateau is 

essentially a characteristic of superconductivity due to Cu02 

sheets, as for these values of s; the O-Cu-0 chains are rather 

48 

depleted of oxygen . Thus this dependence may therefore be 



taken to signify a transition from chain type superconductivity 

to sheet type superconductivity in orthorhombic 

YBCO brought about by the change in oxygen stoichiometry. 

1.42 Crucial Role of Copper in Superconductivity 

Since the discovery of superconductivity in oxide 

ceramics, the role copper and its oxidation state have widely 

been debated. Using charge balancing for one formula unit some 

amount of Cu is expected to be in 5+ state .Photo-electron 

spectroscopy has been used by several workers primarily in the 

Cu( 2P'5/2) region, for distinguishing contributions from the 

49 50 

various oxidation states ’ . The comparative XPS study has 

51 5 2 

also revealed ' a number of facts about the oxidation state of 

copper in YBCO. The 2P-Photo-emi ss i on final state for CuO and 

2 + 

related compounds with formal Cu is not found to be simple as 

they are accompanied by strong satellites, corresponding to the 

5 9 

configuration (P d ), alongwith the main line, corresponding to 

configuration <P^d^*^L), L being the Ligand-hole. However the j 

i 

structure and position of the satellite is sensitive to the | 

chemical surrounding of the copper ion and depends strongly on { 

53 ^ 

the electro negativity of the ligand . The satellite intensity i 

i 

is strongest and satellite main peak separation largest when the | 

51 ! 

ligands are of high electronegativity. It has been shown by | 

9 10 ' ^ 

XPS studies that energy separation d -d is larger ! 

tetragonal non superconducting YBCO than the orthorhombic phase | 

by an amount of ~0.5eV, reflecting the fact that 

electronegativity of the ligand is more for superconducting phase 

than for non-superconducting phase. With respect to the Cu sites, 



this would mean a localization of 3d-electrons and a tendency 
2 + 1 + 

towards Cu Cu transition. Such an effect has indeed been 

noticed in the valency bond photo-emi ss i on studies^"^. The 

Fourier summation technique as applied to X-ray diffraction 

data^^ of YBCO revealed that the estimated atomic charges 

belonging to Cud) and CudI) atoms are +Q.988e and +1.787e. 

10 9 

suggesting that univalent d and divalent d ionic states are 

present. The atomic charges quoted above coincide with the 

electron distribution around Cu atoms observed from Difference 

Fourier analysis^^. It has been envisaged that Cu^"^ plays a 

vital role in superconductivity as it forms s i ngl et-pa i r , 

generally called peroxiton, composed of 0 Cu 0 type species 
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Chakravorty et. al pointed out that this forms a RVB state 
which as a result of Bose-condensat i on gives the super 
conduct 1 V i ty . 

There are some reports wherein the Cu^^ ions are said to 
be found^^ in both superconducting and nonsuperconduct i ng YBCO. 
The later determinations have however. shown this to be 
incorrect. In absence of Cu^^. the only possibility is that the ! 

t 

5 8 I 

holes reside on the oxygen orbitals , the role of which has ! 

already been discussed in the previous paragraph. f 

i 

f 

1.5 Substitutional Studies in YBCO superconductors 

If new superconducting materials with improved Tc and; 
other superconducting properties are to be discovered, we have' 
to first determine the mechanism of the superconductivity, which, 
of course, has not been well understood so far. An immense amount 
of work has been directed towards this goal. one important 


approach for this is the addition of other ions as a substitution 
for one or more ions in the superconducting materials. These 
substitutional studies are performed to meet the following 
specific goals. 

(a) To reveal the acceptability of the impurity and its level 
at the specific position in the structure and the crystal 
chemical consequences e.g. single or multiphase system. 


To reveal the effects on the superconducting properties of 
new single phase or multiphase materials. 

To reveal other important effects such as 
(i) The chemical stability in the ambient 
<ii) Physical properties e.g. density, mechanical strength 
<iii) Reliability e.g. electric and magnetic properties 
with time i.e. the aging effects. 

To optimize the process i b i 1 i ty of the superconducting 

ceramics 

To provide important clues towards compatibility of the 
superconducting materials with other electronic materials 
to be incorporated in a variety of devices. 

To elucidate the contributions and effects of various 
cations' and anions' sites on the electronic structure in 
superconductors and "thus to expedite the mechanism of 
super conduct i v i ty . 

To understand the role of constituent ions in a 
superconductor and hence to get the idea about the 
essential ingredients for superconductivity. 



Based on the extensive studies of additives to the YBCO 
superconductor, it is clear that a very large number of ions can 

be substituted for Y, Ba, Cu and 0. Generally two types of 

substitutions are possible. 

Isovalent substitutions : In this case host ion is 

replaced by an ion of the same valency. This type of 

substitutions are possible at all anionic and cationic 
sites in YBCO superconductors. 

<ii) Aliovalent substitutions ; In this case the substituting 
ion IS of a different valency than the host ion. This 
type of substitution is possible at cationic sites only in 
YBCO superconductors. 

Table 1.6 gives the various cation/anion substitutions 
reported in literature on YBCO superconductor. Tn general, the 
substitution at Cu and 0 -sites were found to effect the 

superconducting properties drastically. These two shall be 
considered separately. 

1-51 Substitutions at Cu Sites : 

As evident from structural aspects of YBCO, the CCu(l>-0]m 
type quasi linear chains (ID) stack with the 2D CCu(ll)-0]p, 
sheets. This arrangement contains two equivalent Cu sites. One 

is between two Ba ion layers and forms the chain, while the other 

is with pyramidal coordination of oxygen in lICu(II)-03p sheets. 
The fact that which part of the chain or sheet is most 


responsible 


for high Tc superconductivity in YBCO is 


an 



interesting point for studying the new superconducting mechanism. 
As an approach, substitutions of other elements at the Cu-sites 
can be considered. When the substitute has a character of site 
preference for Cud) or Cu<Z), we can check the responsibility of 
each site to superconductivity by observing changes in Tc. 
Consider, for example, the substitutions of Ni and Zn . In this 
case, the substitution mainly occurs at planar Cu(II> sites where 
as for Co, Fe and A1 it occurs preferentially on linear chain 
sites Cu<I). So the important question is which Cu-site should 
be occupied by a substituent. In a unit cell of YBa 2 Cu 307 _g 
copper occupies two Cu <II) sites and one Cu<I) site, Kasperczyk 
et al considered this problem in case of transition metal 

substitutions and pointed out that the crystal field 
stabilization energy for each transition metal ion depends on 

the number of 3 d electrons and energy splitting parameter, the 
later being different for two sites of copper. Within the 
Boltzmann distribution, the probability of occupying a Cu-site by 
transitional ion at sintering temperature Tg is given by 

Pq = 2 exp C-Ecf/^^s^/ ( “ECF'^*<'’'c^ "*■ < "^CF^^'^'s ^ ^ 

... < 1 ) 

= exp C-EQp/l^f^c^/ ^ <~Ecf/*^^s^ ^ exp (-Ecp/kTg)] 

. . < 2 ) 

Here o-denotes octahedral and t, tetrahedral sites. Thus 
an average number of atoms of metal M substituted, is equal to 
3X^ , per unit cell in ID structure of YBa 2 CCuj 5 system. 



The values of < E^p - EQp) for Ti. Cr , Mn and Ni are large^^ 
which give Pq >>Pt • i.e., these atoms occupy mostly Cu<II) 
positions and influence the superconducting coupling to small 
extent. Fe and Co have smaller differences in stabilization 
energies and therefore occupy Cu<I> site in ID ribbon decreasing 
Tc significantly. A special case is of Zn^'*’ for which E^p - E CF 
= 0. because of its d^*^ configuration it may occupy both sites. 

1.52 Substitution at Oxygen Site 

The oxygen content is a major controlling parameter for 

the superconducting properties'. Introduction of vacancies at 

oxygen sites is known to be associated with a huge reduction in 

6 2 

Tc of YBCO superconductors . However this change is associated 
with complicating structural modifications, and it is of interest 
to investigate dopants that are directed at the sensitive oxygen 
site, but that leave the structure unchanged. Table 1.6 lists 
some of the possible substitutions at oxygen sites. Except a few 
reports almost all substitutions leave the compound with a 

f 

decreased Tc, however properties like Jc are drastically | 
improved. The reports^^’^^ of higher Tc in sulphur and fluorine 
substituted YBCO were found not to be reproduci ble^^ ’ . | 

I 

A carefully controlled absorption of gas in YBCO has, j 
however, been found to improve the superconducting properties. | 

f 

The effect has now been observed with a number of gases such as j 

6768 69 6S ■ 

Nitrogen ’, Helium , Argon etc. In case of hydrogen i 

i 

however, a decrease in Tc is observed^^. The mechanism by which j 
this drastic change occurs is not clear so far but it is believed i 
that it may be associated with a catalytic absorption of gas into 



the relatively open structure of YBCD lattice. 


1-6 Statement of the Problem 

With a view to improve the superconducting properties and 
also to gain an insight in the mechanism of superconductivity, a 
large number of substituted YBCO systems have been, and are still 
being, investigated. Many dopants in place of Y and Ba in 
YBa 2 Cu' 507 _j 5 ' have been tried but they have failed to increase the 
Tc. These studies have further strengthened the view that CuO is 
the most critical ingredient for the high Tc superconductors, and 
hence its replacement by a suitable material should bring about 
desirable changes in the YBCO superconductors. 

The properties of CuO, especially its high dielectric 

constant, modest resistivity, multivalence state, etc., should be 

considered while looking for its equivalent substituents. Silver 

oxideCs) should have been a natural choice for CuO but as both 

silver oxides are unstable at high temperatures; AgO decomposes 

at 120°C and Ag20 at 2?0°C, however, Ag 2 S is stable and hence is 

a good substituent for CuO. The other materials that may be 

considered in place of CuO are lead salts. In the present work 

PbS was chosen in view of the following similarities. 

<i) Both CuO and PbS have relatively high and nearly same 

8 

value of dielectric constant, 18.1 (at 10 Hz) and 17.9 (at 
-10^ Hz) respectively, at 15°C. 

(ii) Both Cu and Pb based oxides show superconductivity (e.g. 

YiBa 2 Cu 507_5 and BaPb 03 ). Also the sulfides and oxide 
(binary or ternary) show superconductivity, and hence it is 
reasonable to think of doping Pb at Cu-site and S at 0- 



site, i.e,, PbS in place of CuO. 

<iii) Both Pb and Cu are transition elements, while S 
in the same group (VI >. 

This thesis reports the synthesis of pure and 
YBCO high Tc superconductors, and their 
characterization by means of XRD, SEM-EDX, etc, and 


and 0 are 

PbS-doped 

structural 

electrical 


resistivity measurements. 



Table 1.1 


Some representative superconducting elements 


El ement 

T c 

<K) 

E 1 ement 

Tc 

(K) 

Element 

Tc 

<K) 

A1 umi n 1 um 

1.75 

Thai 1 1 um 

2 . 38 

Niobi um 

9.25 

I nd 1 um 

3 . 408 

T 1 n 

3.722 

Protect i n i um 

1 .4 

Lead 

7.196 

Tungsten 

0.0154 

Technet i um 

7.8 

Mo 1 ybdenum 

0.915 

Zink 

0.85 

Thor 1 um 

1 .38 

Osmium 

0 .66 

Cadmi um 

0 .517 

T 1 tan 1 um 

0.4 

Rhen 1 um 

1 . 697 

I r 1 d 1 um 

0.113 

Vanad i um 

5 . 40 

Tantalum 

4.47 

Mercury- 

4.154 

Z 1 rcon i um 

0.61 


Ta.b 1 e 1.2 


Superconducting transition temperatures and critical fields for 
some representative alloys and i ntermetal 1 i cs . 


Tc <K) 


Hc<K Gauss) 


Alloy 


Pb-Sb 

6 . 6 

- 

Nb-Ti 

12.0 

180 

Nb-Zr 

6.0 

• 180 

Mo-Re 

11.0 

20 

Mo-T c 

14.0 

20 


Compounds 


A-15 .Nb^Ge 

2?.> 

250 

C-15 <HZr)V2 

10.15 

250 

Nb^Sn 

18.0 

- 

Nb3Al 

18.0 

- 

V^Si 

17.1 

- 

V^Ga 

16.8 

- 




Table 1.3 


High temperature oxide superconductors 


System Tc<K) Remarks 


La-System 


< 1 ) 

( La 2 _ ) 2 CuO^ 

x=0.2 M=Ba.Sr.Ca 

25-40 

K 2 NiF 4 Structure 

< 1 1 > 

Laj Ba 2 Cu '507 

90 

- 

(ill) 

L.3.21 — ^Nsl^CliO^ 

40 

K does not work 

< 1 V > 

( B 1 2 ) SrCuO 

40 

- 

<v> 

Q — y 

40.90 

- 

<V1 ) 

La2BA5LuCu^Oy 

50 

““ 


Y System 

(i) Y2Ba2Cu^07_y 90 


<ii) Y2Ba4Cug02 0 -X SO 


Si System 


( 1 ) 

B i 2Sr2Cu20y 

7.20 

semiconductor, single 

Cu 02 layer 

( 1 1 > 

B i 2Sr 2Ca2Cu20y 

85 

double Cu -02 layer 

( 1 i i ) 

Bi 

11 OK 

triple Cu 02 layer 

( 1 v) 

B i 2Sr2Ca-jCu40y 

90 

- 


Y can be replaced by 
Lanthenide ions 
(except Ce.Pr.Tb) 


Contd/- 


32 


T 1 -System 




( i ) 

T1 2Ba2Cu20y 

20.80 

Single 

Cu 02 layer 

< i i ) 

T1 2Ba2Ca2Cu20y 

105 

double 

Cu 02 layer 

( 1 1 i > 

T 1 2 Ba 2 Ca 2 Cu 50 y 

125 

triple 

CU-O 2 layer 

< 1 V) 

T1 2Ba2CuQy 

0 

Single 

Tl-0 

<v) 

T 1 2 Ba2Ca2 Cu20y 

80 


f t 

<V1 ) 

Tl2Ba2Ca5 Cu^Oy 

no 


« 1 

(vi 1 ) 

T 1 2 Ba 2 Ca' 5 Cu 40 y 

120 


* f 


Other systems 

(i) Ndl . 6Sro . 2CeQ , £^'^04 

< i 1 ) <Tlo ,75610 , 25h . 33 
(Srg , 5Cao , 5)2 . yCuQ 


27 

75 


Nd2 Cu04<'>) or not 



Table 1 . 4 


Some of the pairing mechanisms in high temperature superconductors 


V 1 rtual 

exc 1 tat 1 ons 

Type 

of Pairing 


BCS pairing 

Base Condensation 

Phonons 

Convent i onal 

Bipolaron formation 


Magnetic Exchange of anti- Resonating valency 

correlation ferromagnetic <AFM) band <RVB) or spin 

spin-fluctuations bipolaron formation 

and Bose conden- 
sation or boson 
pair formation 
followed by conden- 
sat 1 on 


Excitons/Electron- 
hole pairs/charge 
transfer excita- 
tons/ soft plasmons 
or plasmons 


Electronic pola- 
r 1 zat 1 on 
Resonance 


Table 1.5 




Comparison of salient features of superconducting cuprotes 


Feature 

La-system 

Y-system 

B 1 -system 

T1 -system 

Tc 

30-40 

90K 

80-110K 

90-125K 

Dimens ion- 

2 

2 

2 

2 

al i ty 





Crystal Orthorhombic 

Orthorhomb i c 

orthorhomb i c 

orthorhomb i c 

Structure 




< tetragonal ) ^ 

Space group 

1 8 

D 2h Abma , 

^2h <Pfir>fTim) 


- 


Bmba or 





Cmca 




Cu-coordi - 

square 

square 

square 

square 

nation 

planar 

planar 

planar 

p 1 anar 

Ox i dat 1 on 

1 -f / 2 + 

1 + /2 + 

1 + / 2 + 

1 + /2 + 

state of 


- 



Cu as found 






* Some high Tc tetragonal 125 compounds have been made 
+ Although tetragonal structures have generally been assigned. 

crystal with orthorhombic structure have been found by eleczron 
di f f ract i on 



Table 1 , 6 


Cationic/ Anionic Substitutions in YBCO High Temperature Super 
Conductors 


Cat ionic/ 
anionic 

site 

Subst 1 tut 1 ng 

1 on 

Reference ( s ) 

Remarks 

Y-s i te 

Lanthen i des 

Ln < 1 > 

71-73 

c, negligible effect on Tc 


Pr< 1 ) 

74 

p.Tc decreases drastically 


La< i ) 

73 

p, Tc decreases 


Ca<a) 

76.77 

p. Tc decrease slightly 

Cu remains as Cu 


Bi <a) 

78 

p,Tc decreases slightly, 
normal State resistivity 

increases 


Fe(a) 

79 

p,Tc decreases, Pe ion 

ordering 

Ba-s 1 te 

Rare 

earths <a) 

80 

p, Tc decreases 


Mg < 1 ) 

81 

p.Tc decreases drastically 


A1 kal- i ne 

earths <a) 

82.87 

p,Tc decreases. 

very slightly. Sintering 

temp, decreases. 


La<a) 

00 

CO 

p, First Tc increases 

then decreases with 
doping concentration. 


Sr{ 1 ) 

85,36 

p,Tc decreases 


Pb( 1 ) 

88 

p, superconducting 

properties like Jc are 
improved, but Tc 

decreases . 


>6 elements 

including 
ai 1 types 

115 

p, different effects are 

observeed for different 

e 1 ements . 


con^d/ - 



Transitional 

metals ( i ) 

89-91, 

105 .110 

116 

p, Tc decreases rapidly 

nobel 

91 - 95. 

\ 

p,Tc remains almost 

metal s <a) 

105.110 

same in lovsi cone. 

range of substitution 

W<a)/Nb 

94 

P.Tc almost unchanged 
5-fold increase in Jc 

Pb( 1 ) 

95 - 97 

no 

p,Tc decreases rapidly 

while Jc increases by 

1-2 orders of magnitude 

Ga{a) 

98.99 

P.Tc fall with increasing 

dop 1 ng 

Nd<a) 

100 ' 

p,Tc decreases rapidly 

V(a) 

101 

p , No effect on Tc 
transition becomes 

broader . 

Mn< 1 ) 

i’n2 

p. Normal state resistivit 
increases, superconducting 

volums fraction decreases; 

Ti ( i ) 

104 

P.Tc increases upto 95K. 

1 

Sid) 

109 

P.Tc increase with cone. 

first and then decreases 

I 

Sn< i )/Cd< 1 > 

no , 114 

! 

p, Tc decreases | 




f 


Contd/- 


□-S 1 te 


Note ; 


VI p element<i) 106,63.66 
<Chal cogens . ) 


VII a element(a)88 . 107 . 
(halogens) 64-66 

N 2 (absorption) 67,68 

He (absorption) 69 
Ar (absorption) 68 

H 2 (absorption) 70,108 


p,No confirmed trend 
in Tc change, Jc however 

increases 3-4 times. 
p,Tc reported to increase 

Tc increases (Tc max = 
141K) 

Tc increases 

Tc increases. The effect 
is very efficient 

Tc decreases. 


i and a 
and c 


stand for isovalent and, al 1 oval ent respectively, 
stand for partial and complete substitution. 


a: 

o 

I- 

uT 

q: 

3 

h- 

< 

CC 

UJ 

2 

UJ 


t/) 

2 

< 

QC 

V- 
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CHAPTER - 2 


EXPERIMENTAL TECHNNIQUES 

2-1 Methodologies for Materials Preparation 

For the preparation of the high Tc YBCO superconductor, 
three steps are essential : 

^ simultaneous or sequential but locally homogeneous 
reaction among the starting materi-als. 

<ii) the controlled nucleation of the desired crystallographic 
form, and 

< 11 i> the growth of these nuclei to the final microstructure. 

These ingredients along with the experimental variables 
are best understood in terms of phase diagram of the system Y 2 O 3 - 
BaO-CuO . 

2.11 Pseudoternary Phase Diagram of Y 203 -Ba 0 -Cu 0 System: 

Fig. 2 . 1 <a) shows the phase diagram for the system Y 203 ~ 
BaO-CuO at 947°C^ ’ in which 123. 211 and 132 refer to 

YBa 2 Cu 307 _s . Y 2 BaCu 05 and YBa; 5 Cu 20 x respectively. The dashed line 
joining CuO to superconducting phase 123 is a joint at 897°C but 
IS interrupted by melting at 927 C. The thick line shows a 
region of apparent solid solution and the dotted lines emanating 
from it reflect uncertainty in the end member composition. The 
336 oxide Y;jBa 3 Cu 60 i 4 or the system YCBaZ-x^x^Cu^Oy is also shown 



in the diagram, although this is expected to be stable around 
847 C or lower. Fig. Z,l(b> shows the phase diagram of the same 
system at 967 C . This diagram is self explanatory. 

Of the reported ternary phase diagrams, the area 
surrounded by CuO-BaCu 02 -Y 2 BaCuO 5 has seen suggested to be 
important for the preparation of YBCO^"^, as it contains the 123 
phase. The CuO-X and BaCu 02 ~Y vertical sections of the 

compatibility region are shown in Fig. 2.2<a) and <b) , 
respectively. It can be seen that stoichiometric 123 phase will 
decompose i ncongruent 1 y into 211 and liquid phase. The melting 
process begins at about 1010°C and ends about 1300°C in air. 

S-12 Sample Preparation 

The three important techniques which have often been used 
to synthesize the high Tc superconductors are 
<i) Solid state reaction method 

(ii> Coprecipitation method, and 

(iii) Sol-gel technique 

In the present work the samples have seen prepared 
following the first method, viz. the solid state reaction 
technique, as described below. 

The primary aim of the' present work was to investigate the 
effects of partial substitution of PbS for CuO in YBCQ 
superconductor. The starting materials used in this work are 
(i> Y 2 O 3 <IRE Ltd., India, 99.99%) 

<ii) BaCO^ (Qualigens Fine Chems, 99.99%) 

<iii> CuO (Alfa Products, USA. 99.99%) and 



< iv) 


PbS (Alfa Products, USA, 99 . 99 %) 


The PbS doped YBCO samples were prepared in accordance 
with the following Solid state reaction. 

Y 203 + 4 BaCo 5+6 < 1 -x )CuO+ 6 x . PbS-^ZYBg <Cu 2 ) 3 S 3 >< 0 y+^C 02 

Here x denotes the fractional partial substitution of CuO 

by PbS, and hence (100.x) directly gives the percentage 

substitution of PbS. In all, eight samples of compositions 

corresponding to x=0 , 0 . 005 . 0 . 01 . 0 . 02 . 0 . 05 , 0 . 08 . 0 . 1 . and 0.2 were 

prepared in air. The appropriate amounts of starting materials 

were thoroughly mixed in a pestle and mortar and then pelletized 

2 

at a pressure of ~ 6 ton/cm into cylindrical pellets of diameter 
~ 8 mm and thickness around 4-5 mm. The pellets were heated at 

910-950°C in a platinum boat for 15 hrs. and then cooled to room 
temperature. These pellets were reground into fine powder and, 

pelletized at the same pressure as before and sintered once again; 

( 

at about the same temperature as earlier, but this time the; 
retention time was kept around 18 hrs. The sintered pellets so | 
obtained show a continuous colour change from black to greenish! 
black as the doping concentration increases. 1 

I 

In addition, two more samples, corresponding to x=0.01 and' 
0.05 were also prepared by an alternative method: the pellets 
were sealed in evacuated quartz tubes. The heat treatment of; 

I 

both of these samples was done with the same ramps and retentions! 

i 

as for the first set of eight samples. The samples thus obtained; 
had green-'coloifrENTR'L L<?,RARY * 

. I , I 

^."TTTnRfiftT 


The details of preparative parameters and codes of the 
samples with different compositions are listed in Table 2.1. One 
can readily see from this Table that as PbS concentration (x) 
increases the sintering temperature is decreased. This is so 
because the dopant PbS has a low melting point and hence its 
substitution in YBCQ may lower the melting point of the resulting 
solid solution. The fact, that PbS doped YBCO samples fired at 
950 C were found to be relatively hard burnt and non conducting, 
further substantiates the above arguement . 

2.2 Materials Characterization " 

The pure and PbS doped YBCO superconducting samples were 
characterized by XRD, SEM-EDX and resistivity measurements. The 
details of each of these is provided below. 

2.21 X-Ray Diffraction <XRD) 

The samples were examined by X-ray diffraction, using ISO 

Debye Flex Powder Diffractometer model 2002 from Rich and Seifert 

Co. FRG. The diffractometer uses CuK^c radiation ( =1.5418 8> 

obtained from a copper target using an inbuilt N i -monochromat i ng 

2 

filter (density 0.019 g/cm . thickness 0.021mm). The 

di f f ractograms are taken in the range 20° s 2e s 70° for all the 
samples, with the following recording conditions. 

<i> Sweep speed = 0.6 degree per min < in 2e ) 

(ii> Chart speed = 1 5 mm per min. 

<iii> Counts per min <CPM) = lOK 
(iv) Time constant. = 10 Sec. 

<v) Accelerating voltage = 80kV/20mA. 



The existence of various peaks in the XRD pattern was used 
to identify the phases present in the sample. For pure YBCO 
sample, the di f f ractogram was indexed by using the method 
described by Warren . The identification of extra phases in the 
doped samples was done by using the concept of F i nk- i ndex i ng^ ^ . 

To study the microscopic effect of doping in YBCO, it is 
often desirable to determine the effect of dopants on the lattice 
parameters. The lattice parameters may be determined by applying 
the d-spacing formula for orthorohmbic structure (pure YBCO 
superconducting phase 123 has orthorohmbic symmetry) to various 
reflections characterized by the (hkl) planes already indexed. 

For orthorohmbic symmetry the d-spacing formula is 
expressed as 

2 2 2 2 2 2 2 
1/dhkl = h /a + k /b + 1 /c .. (1) 

The effect of doping may also be realized in X-ray 
di f f ractograms in terms of the changes in relative intensities of 
some particular peaks. This type of analysis may also be applied 
to the evolu'^tion of extra phases as a function of doping. 

2.22 Scanning Electron Microscopy - EDX Measurements 

The scanning electron micrographs of the samples coated 
with gold were taken, by the JEOL scanning electron microscope 
JSM-480A, equipped with a KEVEX ENERGY-DISPERSIVE X-RAY DETECTOR 
connected to a PC on which the KEVEX QUANTEX SOFTWARE is 


1 nsta 1 1 ed . 
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Operating the JEOL JSM-480A in ANALYTICAL mode and 
detecting the emitted X-ray by KEVEX detector, makes the 
quantitative elemental analysis of the sample possible. This 
type of analysis is generally referred to as energy dispersive X- 
ray microanalysis (EDX) . 

With the help of SEM micrograph of a sample displayed on 
video terminal, certain regions of interest are selected and the 
electron probe is allowed to fall on those regions one by one and 
corresponding EDX is acquired by QUANTEX facility available. In 
a typical EDX spectrum, to a first approximation, the height of a 
peak corresponding to an element is d-irectly proportional to the 
amount of that element present in the sample. KEVEX software 
used in this study have special arrangements (commands) for the 
analysis of an EDX spectrum from a bulk material. 

2-25 Resistivity Measurements 

The standard Montgomery four-probe technique ^ ^ ^ with 

equi-probe distance configuration is used to determine the i 
resistivity of the samples as a function of temperature. This ! 

I 

method permits the measurement of resistivity nf a sample 'n the | 
shape of a rectangular bar with the dimensions, say. axbxc, a and j 
b being the two larger dimensions and d the thickness of the | 

bar. If the four-probes, haying very small contact areas with | 

! 

[ 

the surface", rest on the a-b plane of the sample as shown in Fig. | 
2.5, Ij and I 2 being the probe distances, the resistivity may be | 
expressed as 


R 


. . < 1 ) 



b!:> 

where K is a function of I 2 /I 1 as given in following table, deff, 
the effective thickness of the sample which may be determined 
using Fig. 2.3, and R is the ratio of the floating voltage V to 
the probe current I , 

Selected Values of Function K 


12 / 1 1 

0.25 

0.5 

0 . 6667 

1.0 

1 . 5 

2.0 

4.0 

K 

0 . 3207 

0.8911 

1 . 562 

4.531 

21 .86 

105.1 

56300.0 


This method is especially useful in measuring resistivity 
as a rapidly varying function of temperature as is the case in 
the present studies. 

The basic cryogenic system APD superconductor 
characterization cryostat from APD Cryogenics, Inc. , is used in 
these measurements . This s.y stem 1 s based on the principle of 
closed cycle refrigeration. Helium is used as the refrigerant 
charge. The unit consists of a compressor module <APD-HC-2>, an 
expander module and the interconnecting hoses to carry 
refrigerant between the two modules. In addition to compressing 
and recycling the refrigerant charge, the compressor module cools 



er 

re 


and cieans the refrigerant to remove any oil and residual wat 
vapour. The system uses two hoses; one to carry high pressu 

helium to the expander and the other for returning the low 

pressure gas to the compressor. 

The expander module APD, DE 202 is the heart of the 

system, it is a two stage cryogenic refrigerator. using gaseous 
Helium as the refrigerant, powered and controlled by a compressor 
module. The compressor module also supplies the required gaseous 
Helium. The schematic diagram of expander module is shown in 
Fig. 2.4. The sample under investigation is placed in the second 
regenerator stage. Two temperature sensors (silicon diodes) are 
used. One is placed in the first stage while the other in the 
second; very close to the sample. For precise temperature 

indication and control the system is equipped with a 
microprocessor-based temperature i nd i cator-cum-contro 1 1 er model 
5500-1-25 from Scientific Instruments Inc. USA. 

Four point contacts on well polished and cleaned surface 
of the samples are made by placing four very small dots of silver 
paint (composition 1220-C Elteks Bangalore) as shown in Fig. 2.3. 
The point contacts are made conducting and mechanically enduring 
by curing at ~ 100°C in air for ~2 hrs, followed by cooling to 
room temperature inside the oven. Now four thin copper wires are 
stuck to the four points using again the same silver paint. The 
sample is subjected to the same curing as earlier. The contacts 
were checked at room temperatures before loading the sample in 
the sample-holder for resistivity measurement. The contact 
resistance at room temperature was usually found to be less than 


1 ohm. 


For four-probe resistivity measurements, a precision 
constant current source (Knick, FRG, model JS-300) was used to 
supply the probe current I. The value of I was usually 10 mA. 
The floating voltage V was measured by digital nanovoltmeter 
(Keithley model 181). The floating voltages were also read by 
changing the direction of current, in order to avoid possible 
geometrical and thermoelectric errors. The average of the two 
readings was taken as the value of floating voltage, and then 
resistivities at various temperatures were calculated as 
described earlier. 

The modern trend is to analyse the resistivity data in 

terms of normalized resistivity, as it represents the inherent 

property of the sample material and excludes all the experimental 
errors. The normalized resistivity is found by taking the ratio 
of resistivity at temperature T to that at room temperature 
< p<T)/ p<300). Thus if Vy is the floating voltage at any 

temperature <T) corresponding to a constant current I. the 
resistivity o(T) may be written as : 

p<T) = K dgff . ( ^T/i> . . <2) 

and at room temperature <300K) the resistivity is given by 
p<300) = K def^. (V 500 /I) .. O) 

And hence the normalized resistivity at temperature T may 


be written as 
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Np = p<T)/ p(300) = Vj/ V300 •• 

Which is clearly free from geometrical factors K and dgff 
and the current I, The normalized resistivities for all samples 
were directly calculated by dividing the floating voltages at 
different temperatures by the floating voltage at 300K. However, 
the room temperature resistivities ^=(300) of the samples were 
determined using equation <1). 
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Table 2.1 


The preparat 1 ona 1 details of PbS doped YBCO samples 


Fract 1 onal 

subs 1 1 - 

tut 1 on 

<x) 

Preparative Conditions 

Sampl e 

code 

Ramp . (Sintering 
temperature<°C) 

Retent i on 

t imes < hrs . ) 
1st firing/ 

I I nd firing 

Atmosphere 

a 1 r/ vacuum 

0.00 

950 

15/18 

a 1 r 

AK02T 

0.005 

945 

15/18 

a 1 r 

AKQ4T 

0.01 

935 

15/18 

Vacuum (eva- 

AKIOT 




cuated sealed 





Quartz tube) 





a 1 r 

AKllT 

0.02 

935 

15/18 

a 1 r 

AK12T 

0.05 

920 

15/18 

Vacuum ( eva- 

AK09T 


' 


cuated sealed 





Quartz tube) 





a 1 r 

AK03T 

0.08 

920 

15/13 

a 1 r 

AK15T 

0.1 

910 

1 5/18 

a 1 r 

AKl 6T 

0.2 

910 

15/18 

a 1 r 

AK17T 


* X in YBa 2 < Cuj -yPbj^ ) 


CuO 
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FIG. 2.1 PSEUDO- TERNARY PHASE DIAGRAM OF THE Y 2 O 3 - BaO -CuO SYSTEM. 
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HIGH PRESSURE 
GAS INLET 


LOW PRESSURE 
GAS RETURN - 





DISPLACER 


VALVE MOTOR 


ROTATING VALVE DISC 
SURGE VOLUME 


ORIFICE 
VALVE STEM 


SLACK CAP 



FIRST STAGE 
REGENERATOR 


FIRST STAGE 
HEAT STATION 


SECOND STAGE 
REGENERATOR 


SECOND STAGE 
HEAT STATION 


FIG.2.4: SIMPLIFIED EXPANDER MODULE DIAGRAM. 
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CHAPTER - ? 


RESULTS AND DISCUSSION 

High Tc oxide superconductors with nominal composition 

YBa .2 ^ Cuj ) -jS^^Oy were synthesized from stoichiometric amounts 

of Y 2 Q 3 . BaCo^ , CuO and PbS . as described in Section 2.1. Eight 

samples corresponding to x = 0 . . 005 . . 01 , . 02 , . 05 . . 08 .01 and 0.2 

were prepared in air. The details of preparative aspects and 

labeling of samples are described in Table 2.1. It was observed 

that the samples with higher dopant concentration (x) of PbS got 

better sintered leading to larger reduction in the size. The 

basic fearures developed as a result of this improved 

s i nt erab i 1 i ty are similar to those observed in KCl doped^ YBCO . 

A maximum shrinkage of about 12.5^ was observed for the sample 

with x=0.2. Extended exposure of the sample to the atmosphere 

appeared to degrade the surfaces of the sample as evidenced by a 

2 

change of colour ;probably due to formation of barium carbonate 
and/or hydroxides. The samples prepared in the evacuated sealed 
quartz tube however, do not show this effect. The structural 
characterization of these samples was done using XRD and SEM- 
<EDX). while the superconducting properties were investigated by 
resistivity measurements. 

3.1 X-Ray Diffraction (XRD) 

The XRD patterns for all the ten samples (eight samples 
with x=0. . 005 , . 01 , . 02 . .05. .08.0.1 and 0.2 prepared in air and 

two samples with x =.02 and .05 prepared in evacuated sealed 



quartz tube) were recorded at room temperature. The aetails of 
the recording conditions such as chart speed, wavelength of the 
radiation used. etc. are given in Section 2.21 (Chap. 2). Both 
the samples prepared in evacuated sealed quartz tube were found 
to be insulators. The XRD patterns for these samples also did 
not show peaks either corresponding to orthorhombic or tetragonal 
phase of YBCO. 

Fig. 3.1 shows the XRD patterns of some selected samples 
prepared in air. The XRD results for x = 0 sample show peaks that 
can be attributed to superconducting orthorhombic pnase. and 
there are no peaks to suggest the presence of any impurity 
(second) phase in appreciable quantity. Table 3.1 summarizes the 
2 e values of various peaks and the corresponding (hkl) and their 
interplanar spacing, ci^ki . alongwith the relative intensities of 
the peaks. 

The XRD patterns for the sample with x=.005 (not shown in 
Fig. 3.1) w 6 re found identical to that of x = 0 (pure samples). 
However, as the concentration (x) of the dopant (PbS) increases, 
extra lines in the XRD patterns appear suggesting the presence of 
impurity phase(s). For example, the XRD patterns corresponding 
to x* 0.01 and .02 show an extra peak. in addition to those 
attributable to orthorhombi,c YBCO phase, at 28 = 29.6 that may 
be attributed to BA 5 Y 4 O 9 or Y 2 BaCuQ 5 . However, the EDX analysis 
of these samples to be discussed later point out that the 
impurity phase present is probably Y 2 BaCu 05 rather than Ba 3 Y 409 . 
The evolution of this impurity pyhase has also been reported in 
various doped YBCO^*^ supercon du ctors also. The intensity data 
given in Table 3-2 would clearly indicate that as the dopant 
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concentration increases, the amount of the impurity phase also 
increases. The results for x=.02 sample show one more extra peak 
at 2e = 52.2° which has been attributed to the presence of 

BaPb 03 . The same impurity has also been found in Pb doped 
YBCO samples. Apart from this, the XRD patterns for x=.01 and 
corresponding to the primary orthorhombic phase has decreased for 
x= .02 sample. 

The XRD pattern for x=0.05 sample is somewhat anomalous 
in two respects : First, the heights of various peaks 

corresponding to the main (orthorhombic YBCO) phase have 

increased in comparison to those of x=.01 and .02 samples. 
Second, the height of the peak at Ze = 29.6° corresponding to the 

impurity (second) phase, Ba 3 Y 409 or Y 2 BaCuQ 5 , has decreased in 

comparison to those of x = 0.01 and 0.02 samples. This would 
immediately suggest that the sample with x=.05 has larger 
fraction of orthorhombic YBCO phase than those with x=.Ql and .02 
samples. This is a somewhat surprising result particularly 
because the samples with x=.01 and .05 were prepared 
simultaneously under the same conditions, and hence the observed 
anomaly can not be explained in terms of differing preparat i onal 

condi t i ons . 

The XRD patterns for sample with x=.08 shown in Fig. 5.1 
are essentially similar to those of x=.01 and .02 samples except 
that the peaks corresponding to the second phase are more 
pronounced in the former. The XBD results for x=0.1 sample show 
several extra peaks (see Table 3.1) suggesting that the volume 
fraction of the main orthorhombic superconducting phase has 
decreased considerably. The resistivity results which will be 



discussed later are consistent with the XRD data in the sense 

that the samples with x=,08 and 0.1 are no longer metal-like but 

have become semi conductor™ 1 i ke . The same type of results have 
7-9 

been reported in YBCO samples doped with isovalent tansitional 
elements in place of copper. 

The XRD results for x=0.2 sample show prominent peaks 
corresponding to the impurity phase<s> indicating that the 
concentration of the orthorhombic phase has decreased 
significantly. The resistivity data showed that this composition 
was more like an insulator. 

To summarize the XRD results, the composition with x=0 and 
0.005 are single phase (orthorhombic YBCO). As x increases 
further, the material becomes multiphasic and the volume fraction 
of the superconducting ortho-phase decreases continuously as 
revealed by the decreased intensity of the peaks corresponding to 
ortho-phase. The only exception to this is the sample with 
x=,05. The sample with highest dopant <x=0.2) probably contains 
so little of ortho-phase that it is like an insulator. 

An interesting fact revealed by the XRD results is that! 
none of the possible impurity phases identified by us contains! 
sulphur. This implies that all the sulphur of doped PbS has gone 

f 

into the lattice of YBCO phase. Another evidence for this is the 
increase in the intensity of reflection^^ corresponding to the 
plane (005) of the superconducting phase as the dopanii 
concentration increases from x=0 to x=.05 (Fig. 3.1 and Table 
3.1). However, the composition dependence of the intensity o-f 
the impurity phase BaPbO^ (Table 3.2) predicts that Pb forms the 
BaPbO^, rather than substituting Cu completely. This woulc 



suggest that only a part of Pb <out of doped PbS> substitutes foi 
Cu. while all the sulphur gets into the lattice. This latter is 
further supported by the evidence that there was slight expansior 
of c-axis, probably due to incoming large S ions. These 
observations about the selective intake of sulphur from PbS intc 
YBCO matrix are consistent with the reports^^’^^ dealing with 
direct sulphur substitution in YBCO. 

?.2 Scanning Electron Microscopy (SEM)-EDX Analysis 

All the samples were examined by SEM and also selected 
portions of the samples analysed by energy dispersive X-ray 
micro-analysis (EDX). Plates 3.1 to 3.4 show the microstructure 
of some selected samples. It is evident that the grain size 
increases (plates 3.1 to 3.5) as the concentration <x) of PbS 
increases in the matrix, suggesting that the PbS also acts as a 
sintering agent, such as a liquid medium. However, as x exceeds 
0.03 the grain size starts decreasing (Plate 3.4) perhaps owing 

to the formation of the second (impurity) phase excessively. The 

1 3 ^ 

effect IS similar to that observed in the Au substituted YBCO. 

I 

The mi crost ructura 1 observations show that the addition of PbS; 
eliminates or minimizes the cracks and promotes the grain growth! 
due to liquid phase sintering. 1 

The SEM micrographs shown in Plates 3. 2-3. 4 reveal the 

I" 

presence of ; • 

I 

<i) a dark phase (labeled C in Plate 3.2 or labeled A in Plate, 
3.3) IS the matrix (superconducting ortho-phase). 

(ii) a bright phase (labeled A in Plate 3.2 or C in Plate 3.3); 
is the impurity phase distributed randomly, and 


I 



<iii) a gray phase (labeled B in Plate 5 . 2 ) is a second impurity 
phase . 

It is concluded from these studies that the lightly doped 
samples are largely single ortho-phasic, while the samples with 
larger dopant concentration are mixtures of two or even three 
phases as mentioned above. The studies^*^"^ dealing with the mixed 
phase YBCO oxide superconductors strengthen the above description 
of phases. 

The EDX analysis < Figs. 3 . 2 - 3 . 5 ^ o'P the aforesaid phases, 
VIZ. the matrix or the ortho-phase, the first (bright colour) 
impurity phase and the second (gray) phase, revealed the 
following chemical constitution. 


Phase 

Const 1 tut 1 on 

(EDX Analysis) 

Expected 

Const 1 tut 1 on 

Matr i x 

(Ortho-Phase) 

Yi6 . 56^36 . 9‘^^46 . 

YBa2Cu 

Bright 

impurity phase 

X^6Ba26C'^220Y 

Y2BaCu05 

Gray 

impurity phase 

Y^ .76349 .7CU44. ^Oy 
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The samples with larger dopant concentration (x:^.01 showed 
the presence of S in the main (matrix) phase indicating that S 
probably has substituted for 0 in the ortho-phase. Further the 
EDX analysis (Fig. '>.3) shows that the main impurity phase is 
probably Y 2 BaCu 05 . It should, however, be pointed out that the 
chemical composition of the second gray- impur i ty phase varied 
considerably from one sample to the other. The lightly doped 
samples did not show the presence of any Pb in this impurity 
phase (Fig. 3.4). On the other hand samples with x a 0.02 showed 
almost negligible concentration of Cu (Fig. 3.3). 

Thus the XRD and the SEM-EDX studies lead to the 
following conclusions: 

(i) The samples with x=0 and 0.003 showed the existence of one 
phase only, viz. the superconducting ortho-phase. 

(ii) The samples with higher dopant concentration (x ^ .01) 

showed the presence of impurity phases varying in number, 
chemical composition and volume fractions. For example, 
the sample with x=-2 showed at least 3/4 impurity phases 
in such large quantities that the superconducting ortho- 
phase became the minor constituent. 

(ill) Most of the sulphur out of the dopant PbS has substituted 
for oxygen in the ortho-phase, but only a small fraction 
of Pb probably substitutes for Cu and a larger fraction is 
found segregated near grain boundaries'^ as a part of the 
impurity phase. 



3.? Resistivity Measurements 


Electrical resistivity was measured by "Four probe 
technique as described in Chapter 2. The two samples of nominal 
compositions YBa 2 (Guj .^Pb^) ( x=.01 and 0.03) prepard in 
evacuated sealed quartz tubes were found insulators contrary to 
that reported by Harrison et al^^, and hence this method was 
discarded for any further preparation of high Tc superconductors. 
The samples were subsequently prepared and sintered in air. 

Fig. 3.6 shows the normalized resistivity (N RHO) as a 
function of temperature <K) for all the seven superconducting 
samples of compositions corresponding ■ to 
x = 0 , . 00 5 , 0 . 0 1 , 0.02, . 0 5 , . 0 8 and 0.1. The anomalous temperature 
dependence^^ of resistivity in various samples show a relation 
with composition <x). It is observed that the samples 
containing a dopant concentration of upto 0.03 show a metallic 
behaviour above Tc. However, as x increases, the room 
temperature resistivity, fljoo) , first decreases upto x=.01 and 

i 

then starts increasing rapidly. It has already been pointed out 
that the sample containing highest dopant concentration (x=0.2) 
eventually becomes insulator. The samples with x=0.08 and 0.1 
are, however, semi conductor- 1 i ke , i.e. the f increases as 
temperature decreases (df/dT = -ve>. The room temperature 
resistivities alongwith (d_p/dT)N, Tc and ATc are listed in 
Table 3.3. One can easily see that this trend of variation in 

properties is almost similar to the variation caused by the 

5 1 Q — 2 0 

transition metal substituents at Cu sites ’ . However, a 
sudden dip in ^(jOO) analogous to the one reported by Bansal 
et al^^ and Rao et al^^ in a sulphur substituted YBCQ compound. 



IS 


Thus the PbS doped YBCO showed the properties, that are the 
mixture of the properties of both transitional metal substituted 
and sulphur substituted products. 

Fig. 5.7 shows the normalized resistivity vs. temperature 

around the critical region (80-95K) for the first five samples 

which were found to exhibit normal metallic character at T > Tc, 

In general. the Tc decreases as the dopant concentration (x> 

increases except a minor anomaly associated with x=0.02 sample 

which shows a slightly higher Tc than that for x=0.01 sample. A 

similar increase in Tc has also been reported in Co and Ni 

25 24 - 

substituted YBCO ' samples almost at the same composition <x). 

As far as the transition width < ATc) is concerned, it initially 

decreases (upto x=0.01) and then starts increasing beyond x=0.02. 

For a more precise determination of Tc and Tc a computer 

program was developed which permits the determination of df/dT, 

2 2 

d p /dT , excess conductivity or paraconduct i v i ty < P. Sigma), at 

a desired temperature interval and over a selected temperature 

range from the raw data of p vs. T. The d p/dT data so obtained at 

a temperature interval of 0 . 5K is plotted as a function of 

temperature in the critical region, and the results are shown in 

Fig. 5.8. It is evident that d p /dT vs. T curve exhibits a sharp 

2 5 2 6 

maximum. The location of the maximum was taken as Tc ’ and 
the width at half maximum is taken as the transition width 
<'A,Tc)^^. The Tc’s and ATc's obtained in this manner are listed 
in Table 5.5. As has already been pointed out, the Tc generally 
decreases as the dopant concentrat i on <x ) increases with the 

exception of one sample with x=0.02. However, there is no 

discernible effect of doping on the transition width which for 



most samples was found to lie in the range l.^-Z.Zk except for 
one sample with x=0.01, which showed i^Tc as low as 0.8K. This 
result IS consistent with those quoted by Kambe and Kawai^^ for 
chalcogen doped YBCO-ortho phase. 

The excess or para-conduct i v i ty (Per) and the reduced 
temperature, e =<T-Tc)/Tc. are related through the following 
equat 1 on 


Pcr=K6'^ (1) 

where, K = <e / 32+1) ■?t<0> , n = - 1/2 for 3D 

K = <e^/ 16iFi),(l/d) , n = - 1 for 2D 

and K = <rr/ 1 6 ) . C e^ 0 ) /fiS ] . n = -3/2 for ID 


2 8 

where 0 ) is coherence length , d the characteristic length 
29 

in 2-D system , S the cross sectional area and the other symbols 
have their usual meaning. 

Thus both K and n are the parameters which depend upon the 

dimensionality of the superconductor and its nature^'^. K is 

related to characteristic lengths t^( 0) or d depending on the 
2 9 

dimensionality of the superconductor and hence it is often 
called characteristic length parameter. The exponent n of 
Equat ion <1) is related to the f luctuat ion effects^ ^ above Tc and 
hence to the fluctuation conductivity, and is generally called 
the paraconductivity exponent or the superconducting order 


parameter . 


The normalized paraconduct i v i ty (NPcr) at any temperature 
defined as the ratio of paraconduct i v i ty to the room temperature 
conductivity (o-^qq)^^ may be expressed as: 

NPcr = Per / 0-300 = <K / 0-300 > . .. (2) 

or, In (NPcr) = In < K fjjjoo}) + n In e _ < 3 ) 

Thus a plot between In (NPcr) and Ine should be a straight 
27 

line whose slope should yield the paraconduct i v 1 ty exponent 
(n), and the intercept yields the parameter K. 

Fig. 3.9 shows the plots of In (NPcr) vs. Ine for all the 
five samples which showed metallic behavior at T > Tc, viz., x = 0 . 
0.005, .01, .02 and .05. The order parameter (n) and the 

characteristic length parameter (K) , as determined from the Fig. 
3.9, are plotted as a function of composition (x) in Fig. 3.10. 
It IS observed from Fig. 3.10 that both K and n decrease 

initially, going through a minimum at x = 0.005 and then start 

increasing rather rapidly in the range x > 0.01. The specific 

values of K and n are listed in Table 3.4. The pure sample shows 
a 3-D behavior ( n = -1/2). However, as the dopant concentration 
increases, the dimensionality changes from 3 to 2. To the best 
of our knowledge there are no reports of crossover of the 

dimensionality from 3 to 2 as a result of doping effects. 

However, the result that pure YBCO shows 3D - superconductivity 
near Tc is consistent with the results of previous 

studi es^^ ’ • The 3D to 2D cross over observeo in the 

present study as a result of doping may not be attributed to the 



processing parameters. as the effects on exponent n caused by 
these are very small^^’^^. However this result may appear to 
bear an indirect correlation with the results observed in 
resistivity measurements in presence of magnetic f i e 1 d . ^ . 
The cross over observed due to magnetic field quenching^"^ is 
treated theoretically by Maki and Thomson^^ and Arnov et al^^. 
One can easily realize the equivalence of the two phenomenon, 
viz. the cross“Over due to magnetic field and that due to doping, 
just by comparing the results. So it is reasonable to say that 
effect of PbS doping is similar, in some ways, to the application 
of a magnetic field. This suggests an explanation of the effects 
observed in terms of the presence of a field inside the doped 
compound probably due to the specific sites taken by the dopant 
atoms . 

The other important feature observed in PbS doped YBCO 

system is the unique trend of variation of Tc. The lowering of 

Tc may by attributed to the presence of the impurity phases^’^^ 

due to doping. The slight increase in Tc at x= . 02 is probaoly the 

10 38 39 

effect of sulphur addition ’ ' . Thus this unique trend in 

variation of Tc may be considered as an interplay between the two 
opposite effects caused by Pb and sulphur adoitions, 
respectively, one tries to decrease the Tc , while the other 
tries to promote it. 



Conclusions : 


The present studies lead us to the following conclusion; 
The sample with small concentrations of dopant were 
largely single phase superconducting materials. 

(ii) Although the effect of PbS doping in YBCO was to decrease 
the Tc, it increased the s i nterab i 1 i ty of the samples at 
relatively reduced temperatures. 

<iii) There is evidence to suggest that while most of the 

sulphur substitutes for oxygen, so is not the case with Pb 

2 + 

possibly due to the fact that Pb is too large as 

4 . > 2 + 

compared to Cu 

<iv) The Tc was generally found to decrease with increasing 
concentration of PbS in YBCO with the exception of one 
samp le <x=0.02). 

<v) The pC3003 generally increases as the PbS concentration 
increases in YBCO. 

<vi) A 30-^ 2D crossover in superconductivity is observed in the 
investigated composition range <□ s x s 0.2). The pure 
sample <x=0) was found to be 30 in nature but the samples 
with X > 0.02 showed a reduced dimensionality of 2. 


Table 7.1 


X-ray powder diffraction data for YBa 2 (Cuj _^Pb^) 3 S 3 j<Oy 


X Sample code hk 1 

2e 

I/Io 

*^hkl Remarks 

0.0 AK02T 003/010 

22 . 8 

2.5 

3.8969 

102 

27.90 

4.5 

3.1950 

013/110/103 

32.80 

100.0 

2.7281 

014/003 

38 . 60 

13.0, 

2.3305 

113 

40.45 

15.0 

2.2280 

006/020 

46.76 

30.0 

1.9410 

200 

47.60 

25.0 

1 .9087 

115 

51.65 

5.0 

1 .7700 

123/116 

58.24 

42.0 

1 . 5828 

213 

58.72 

41 .0 

1 . 5709 

214/205 

62.7 

3.0 

1 .4805 

026 

68 . 20 

8.0 

1 .3739 

206/220 

68.84 

26 . 0 

1 .3627 

0.005 AKQ4T 003/010 

22.84 

7.0 

3.8901 

102 

27.8 

5.0 

3.2063 

013/110/103 

32.80 

100.0 

2.7281 

014/005 

38.66 

20.0 

2.3269 

113 

40.42 

13.0 

2.2296 

020/006 

46.70 

33.0 

1 . 9434 

200 

47.60 

20.0 

1 .9125 

123/116 

58.36 

50.0 

1 . 5798 

213 

58.6 

36.0 

1 . 5739 

214/205 

62.80 

7.0 

1 . 4784 



026 


68.20 


8.5 


1 .5739 




206/220 

68.80 

50 .00 

1 .5655 


0.01 

AKllT 

- 

29.6 

16.0 

5.0155 

Y2BaCuO^ 







Ba^Y 



015/110/105 

52.8 

100.0 

2.7281 




014/005 

58.65 

24.0 

2.5276 




115 

40.45 

12.0 

2.2291 




006/020 

46.75 

55.0 

1.9414 




200 

47.5 

19.0 

1 .9125 




123/116 

58.5 

47.0 

1.5815 




215 

58.66 

56 . 0 

1 .5725 




214/205 

62 . 8 

5 . 0 

1 .4784 




026 

68.2 

10.0 

1 .5759 




206/220 

68.78 

26 

1 . 5657 


0.02 

AK12T 

- 

29.5 

21 .0 

5.0255 

Ba-j Y4O5 







Y23aCu05 



015/110/105 

52.8 

100.0 

2.7281 




014/005 

58.8 

24.0 

2.5189 




115 

40 . 4 

16.0 

2 . 2506 




006/020 

46.7 

25 . 0 

1 . 9454 




200 

47.5 

17.0 

1 . 9125 




- 

52.5 

15.0 

1 . 7477 

BaPbO^ 



125/116 

58.54 

47.0 

1 . 5805 




215 

.. 58.65 

58 . 0 

1 . 5727 




214/205 

62.8 

7 . 0 

1 . 4784 




026 

68 . 2 

10.0 

1 . 5759 




206/220 

68.8 

55.0 

1 . 5655 


0.05 

AK05T 

102 

27.8 

10.0 

5.2065 




- 

29.5 

11.0 

5.0255 

Ba3Y409 



ou 


0.08 


0. 1 


01 5/110/105 

52.8 

014/005 

58.64 

115 

40.4 

006/020 

46.75 

200 

47.5 

- 

52.72 

125/116 

58.54 

215 

58.7 

026 

68 . 2 

206/220 

68 . 84 


AK15T - 29.5 


015/110/105 

52. 

. 85 

014/005 

58. 

.85 

115 

40 . 

,4 

006/020 

47, 

, 0 

200 

47. 

.5 


52, 

, 4 

125/116/215 

58. 

. 5 

026/206/220 

68. 

,85 


AK16T - 29.5 

015/110/105 52.78 

014/005 58.8 

115 40.45 

42.5 


<Y2BaCu05)? 


100.0 

2.7281 


18.0 

2.5281 


15.0 

2.2506 


29.0 

1 . 9414 


20.0 

1.9125 


5.0 

1.7548 

BaPbO^ 

47.0 

1 .5805 


40 . 0 

1.5715 


7.0 

1 . 5759 


27.0 

1 . 5627 


58.0 

5-0255 

Ba 3 Y 409 

<Y 2BaCu05>'? 

100.0 

2.7240 


25.0 

2.5160 


14.0 

2.2506 


18.0 

1 . 9517 


17.0 

1 . 9201 

- 

22.0 

1 .7446 

BaPbO^ 

45 . 0 

1 . 5764 


28 . 0 

1 . 5625 

i 

56.0 

5 . 0255 

Ba‘ 5 Y 40 g ; 

<Y2BaCu0 5)'7 

100 

2.7297 


25.0 

2.5189 

i 

14.0 

2.2280 


25.0 

2.1542 

cu^Y : 



006/020 

46.9 

18.0 

1 .9556 

200 

47.29 

24.0 

1 .9220 

— 

52.28 

54.0 

1.7485 BaPbO^ 






125/116/215 

58 . 54 

55 . 0 

1 . 5755 


026/206/220 

68.9 

24.0 

1.5616 

Ba2Pti04'? 

- 

21 . 1 

1.1 . 0 

4.1870 


- 

29 . 5 

100.0 

5 . 0255 

Ba2 Y 4O9 





(Y2BaCu05: 

015/110/105 

52.8 

28 . 0 

2.7281 


- 

55.6 

11.0 

2.5197 


014/005 

58.94 

28 . 0 

2.5105 



42.52 

24.0 

2.1556 

BaPb03 ; 


45.00 

21 . 0 

2.1016 

Y2Q3 


45.6 

9.0 

1 .9517 

Cu2Y 

006/020/200 

47.0 

9.0 

1 . 9877 

<Y203)'? 


52.5 

59.0 

1 .7477 

BaPbO^ 

125/116/215 

58.45 

16.0 

1 . 5776 



61 .28 

19.0 

1.5114 


026/206/220 

69.0 

18.0 

1.5599 

<Ba2Pb04)' 


69.54 

22.0 

1 .5506 

Cu2Y 
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Table ?.2 


Relative 

intensities of 

main impurity 

phases as a function 

dop 1 ng 




Impur 1 ty 

Dop 1 ng 

Sampl e 

Relative 

Phase 

'X ’ 

Code 

Intensity {%') 


Y 2 BaCu 05 

0 . 00 

AK02T 

5 . 00 

(Ba^YuOg)^ 





0.005 

AK04T 

7.00 


0 .01 

AKllT 

16.00 


0 . 02 

AK12T 

21 . 00 

- 

0.05 

AK03T 

11.00 


0.08 

AKl 5T 

38 . 00 


0.1 

AK16T 

56.00 


0.2 

AK17T 

100.00 

BaPbO;j 

0.00 

AK02T 

0.00 


0.005 

AKQ4T 

0.00 


0.01 

AKl IT 

0.00 


cont/- 
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Impurity Doping Sample Relative 

Phase 'x' Code Intensity (%} 


0.02 

AK12T 

13.00 

0.05 

AK03T 

05.00 

0 .08 

AK15T 

22 . 00 

0 . 1 

AK16T 

34.00 

0 . 2 

AK17T 

59 . 00 
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Table 3.3 


Room temperature resistivities ( 0(5 q q]) t transition temperature 
(Tc) and transition widths < ^Tc) for the superconducting oxides 
YBa2<Cu2 _^Pb^)5S5yOy . 


compost i on 
<x) 


0 . 

OQ 

AKQ2T 

2 

. 41 

1 .86 

90. 

,2 

2 . 

.0 

0 . 

, 003 

AKQ4T 

2 

. 60 

1 .76 

87, 

, 2 

2 , 

.2 

0 . 

, 01 

AKllT 

2 

.93 

1 . 34 

83 . 

. 8 

0 . 

. 8 

0 . 

. 02 

AK12T 

3 

. 67 

2.33 

86 . 

.73 

1 , 

. 3 

0 . 

.03 

AK03T 

2 

.33 

CD 

r— 1 

83 , 

. 4 

1 . 

. 9 

0 . 

, 08 

AKl 3T 

17 

. 98 

* 

78. 

, 0 

> 

2 

0 , 

. 10 

AK16T 

97 

.13 

* 

39 , 

, 0 

> 

2 


* dp /dT IS negative and continuously changing < semi conductor- 
1 1 ke ) . 

+ <dp/dT)jsj IS calculated from the o vs T linear plot in the 
temperature range. 1.3 Tc i T- s. 30QK. 


Samp 1 e 

ft50 0) 


Tc 

Trans i t i on 

code 

( lO'^am) 

LdTjN 

(K) 

width <ATc) 



(lO'^am/K) 


<K) 



3b 


Table 3.4 

Superconducting order parameter and characteristic 
length parameter as a function of doping (x) in YBa2 (Cuj -^Pbx^ 3 
S ■j x^y • 


Fractional Sample 

substitution Code 

X 


Order 

Parameter 

n 


Character 1 st i c 
Length parameter 
K 


0.00 

AK02T 

-0.5042 

315.7968 

0.003 

AKQ4T 

-0.3609 

248.0781 

0 .01 

AKl IT 

-0.4826 

284.5666 

0 . 02 

AK12T 

-0.9706 

525 . 4234 

O 

o 

\n 

AK03T 

-0.9997 

538.6190 




00Q0T 



FIQ.3.2: EDX-SPECTRUM OF PURE ORTHO-PHASE 
SHOWING ITS CHEMICAL COMPOSITION SAME AS 
123-YBCO PHASE 




I 0-i \ 
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i;_jj 35 CQ n3 
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. D « 

O 4-> 

ai t- 

XM df 
UJC\i> 


FIG 3 4: EDX-SPECTRUM SHOWING THE SECOND 
[GRAY] IMPURITY PHASE RICH IN Ba AND Cu. 



FIG.3.5: EDX-SPECTRUM SHOWING THE SECOND 
[GRAY] IMPURITY PHASE RICH IN Ba AND Pb. 




TEMPERATURE(degree K) 

FIG.3.6 ;NORMALIZED RESISTIVITY VS. TEMPERATURE PLOTS FOR PbS DOPED YE 







(;!un i.iqjv) IP/OHy'N P 


TEMPERA' 

FIG. 3. 8 :DERIVATIVE' d NRHO/dT VS. TEM 





XHfi>zrnr o — rn-iorn33>lo 
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LATE 3.3; SEM-MICROPHOTOGRAPH FOR THE 

SAMPLE AK03T [x=0.1] 



’LATE 3.4: SEM-MICROPHOTOGRAPH FOR THE 

SAMPLE AK17T [x=0.2] SHOWING 
A DECREASE IN GRAIN SIZE 
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^LATE 3.1; SEM-MICROPHOTOGRAPH FOR THE 

SAMPLE AK02T [x=0]. 



UTE 3.2: SEM-MICROPHOTOGRAPH FOR THE 

SAMPLE AKllT [x=0.02] SHOWING 
AN INCREASE IN GRAIN SIZE 
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